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Summary

Fabry disease, an X-linked inborn error of glycosphingolipid catabolism, results from mutations in the a-
galactosidase A (a-Gal A) gene at Xq22.1. To determine the nature and frequency of the molecular lesions
causing the classical and milder-variant Fabry phenotypes, and for precise carrier detection in Fabry families,
the a-Gal A transcripts or genomic sequences from unrelated Fabry hemizygotes were analyzed. In patients
with the classical phenotype, 18 new mutations were identified: N34S, C56G, W162R, R227Q, R227X, D264V,
D266V, S297F, D313Y, G328A, W340X, E398X, IVS2+2, IVS5A-2,3, 773A2, 954A5, 1016A11, and 1123A53.
Unrelated asymptomatic or mildly affected patients with symptoms confined to the heart had a missense
mutation, N215S, that expressed residual enzymatic activity. Related, moderately affected patients with late-
onset cardiac and pulmonary manifestations had a small deletion, 1208A3, that predicted the in-frame deletion
of arginine 404 near the terminus of the 429 residue enzyme polypeptide. In addition, five small gene
rearrangements involving exonic sequences were identified in unrelated classically affected patients. Two small
deletions and one small duplication had short direct repeats at their respective breakpoint junctions and
presumably resulted from slipped mispairing. A deletion occurred at a potential polymerase a arrest site, while
the breakpoints of another deletion occurred at an inverted tetranucleotide repeat. Screening of unrelated Fabry
patients with allele-specific oligonucleotides for seven mutations revealed that these were private, with the
notable exception of N215S, R227Q, and R227X, which were each found in several unrelated families from
different ethnic backgrounds. The CpG dinucleotide at codon 227 was the most common site of mutation,
having been altered in 5% of the 148 unrelated Fabry alleles. These studies revealed that most a-Gal A lesions
were private, that codon 227 was a mutational hot spot, and that certain mutations predicted a milder disease
phenotype.

Introduction

Fabry disease is an X-linked inborn error of glycosphin-
golipid catabolism resulting from the deficient activity
of the lysosomal exogalactohydrolase, a-galactosidase
A (a-Gal A; E.C.3.2.1.22; Desnick and Bishop 1989).
Affected hemizygous males accumulate neutral glyco-
sphingolipids with terminal a-linked galactosyl moi-
eties primarily in the plasma and in vascular endothelial
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lysosomes. In classically affected hemizygotes, the ma-
jor disease manifestations include angiokeratoma,
acroparesthesias, and vascular disease of the heart, kid-
neys, and brain, leading to early demise in adulthood.
Milder or asymptomatic variants with residual a-Gal A
activity have been described (for review, see Desnick
and Bishop 1989). Recently, the full-length cDNA and
entire genomic sequence encoding human ct-Gal A were
isolated and characterized (Bishop et al. 1986, 1988a,
1988b; Kornreich et al. 1989a, 1989b). The 14-kb ge-
nomic sequence contains seven coding exons and 12
intronic Alu repetitive elements. The processed a-Gal A
transcript of - 1.45 kb encodes a 31-residue leader se-
quence and a 398-amino-acid mature lysosomal sub-
unit that is glycosylated and dimerized to form the ac-

1186



a-Galactosidase A Mutations Causing Fabry Disease

tive enzyme glycoprotein. Stable overexpression of the
a-Gal A cDNA in Chinese hamster ovary cells resulted
in the high-level, selective secretion of active glycosy-
lated and phosphorylated enzyme (Ioannou et al. 1992),
permitting future trials of enzyme replacement in this
disease.
The availability of the a-Gal A cDNA and genomic

sequences has facilitated the identification of the first
molecular lesions causing the classical and milder vari-
ant disease phenotypes. Southern analysis of 165 unre-
lated Fabry hemizygotes detected 6 classically affected
hemizygotes with different gene rearrangements, in-
cluding five partial gene deletions and a partial duplica-
tion (Bernstein et al. 1989). Subsequent determination
of the rearrangement breakpoints demonstrated that
one involved an Alu-Alu recombination, while five had
short direct repeats at their respective breakpoints
(Kornreich et al. 1990). Sequence analysis of the a-Gal
A gene from other classically affected hemizygotes
identified a 13-bp deletion in exon 1 (Ishii et al. 1991), a
5' donor splice-site mutation in intron 6 (Sakuraba et al.
1992), a nonsense mutation in exon 1 (Sakuraba et al.
1990), and missense mutations in exons 1, 2, and 7
(Koide et al. 1990; Ishii et al. 1992). In contrast, charac-
terization of the gene from mildly affected or asymp-
tomatic variants with residual enzymatic activity re-
vealed several missense mutations in exons 6 and 7
(Q279E, M296V, R301Q, and R356W [Bernstein et al.
1989; Sakuraba et al. 1990; von Scheidt et al. 1991; Ishii
et al. 1992]). Thus, 17 specific lesions causing Fabry
disease have been reported in the unrelated families
studied to date, with one family having an unusual allele
with two missense lesions (Ishii et al. 1992).
To further evaluate possible genotype/phenotype

correlations, to permit precise heterozygote detection,
and to facilitate selection of potential candidates for
recombinant enzyme-replacement trials, an investiga-
tion was undertaken to determine the nature and fre-
quency of the a-Gal A lesions causing Fabry disease. In
this communication, we report the identification of 20
new a-Gal A mutations that cause Fabry disease. These
mutations were detected either by reverse transcription
of total cellular RNA, followed by amplification and
sequencing of the a-Gal A cDNA, or by amplification
and sequencing of a-Gal A regions from genomic DNA.
These lesions include 10 missense, 3 nonsense, and 2
splice-junction mutations, as well as four small dele-
tions, and one 5-bp insertion. Of these, N215S was
identified in unrelated asymptomatic or mildly affected
variants with symptoms primarily confined to the heart,
and 1208A3 was identified in related, moderately af-

fected hemizygotes who had late-onset cardiac and pul-
monary manifestations. Although most mutations were
private, N215S, R227Q, and R227X each occurred in
several unrelated Fabry families from different ethnic
backgrounds.

Material and Methods

Establishment of Lymphoblasts and Isolation of
Genomic DNA and Total RNA
Whole-blood samples were obtained from affected

hemizygotes and heterozygous females, with informed
consent. The enzymatic diagnosis of affected hemizy-
gotes and heterozygotes was established by determina-
tion of the 4-methylumbelliferyl-a-Gal A activity, as
described elsewhere (Desnick et al. 1973). The pheno-
typic manifestations of each patient were evaluated by
two of us (R.J.D. and/or C.M.E.). Lymphoblast cell
lines were established and maintained as described else-
where (Bernstein et al. 1989). Genomic DNA was iso-
lated from whole blood or lymphoblasts by standard
techniques (Sambrook et al. 1989). Total RNA was pre-
pared from lymphoblasts by the acid guanidinium
thiocyanate-phenol-chloroform extraction method
(Chomczynski and Sacchi 1987).

Identification of Gene Rearrangements
Initial screening for major gene rearrangements (>50

bp) was accomplished by multiplex amplification of a-
Gal A sequences by using 500 gg of genomic DNA,
according to the method of Kornreich and Desnick
(1993).

Reverse Transcription and Amplification (RT-PCR) of
the a-Gal A Transcript and Sequencing

For RT-PCR, first-strand complementary cDNA was
reverse-transcribed from - 10 gg of total RNA isolated
from lymphoblasts of unrelated Fabry hemizygotes.
The entire a-Gal A cDNA was amplified in two over-
lapping fragments by using two sets of primers, and
then each amplification product was subcloned into
pGem 4Z, and double-stranded dideoxy sequencing
was performed using a-Gal A-specific primers, as de-
scribed elsewhere (von Schiedt et al. 1991).

Genomic Amplification of a-Gal A Exons, Subcloning,
and Double-Stranded Sequencing

For genomic amplification, the complete coding re-
gion including intron/exon boundaries was amplified
from genomic DNA (500 ng) in four fragments by PCR
(Saiki et al. 1985). The respective sense (P1-P4) and
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Table I

Oligonucleotide Primers for Amplification of the a-Gal A Gene

Primer a-Gal A Gene Fragment Size
Exon Amplified No. Primer Sequence Orientation Coordinatesa (bp)

Amplification
and
subcloning:

1.......... f P1 i5 ACTACTAAGCTTGGATCACTAAGGTGCCGC 3' + 926-94461 558
1 .- 1IP5 5' GCTGCTGAATTCAACTGTTCCCGTTGAGACTC 3' 1441-1460J

2 P2 5' GCTGCTGAATTCTTGTGATTACTACCACACT 3' + 4968-4987 390P6 5 GCTAACAAGCTTCTGTACAGAAGTGC 3' 5312-5334J
3 and 4 P3 5' TCTTGCTAAAGCTTCATGTACTTAA 3' + 6750-67741 1,784and .. P7 5' GCTGCTGAATTCGTAAGTAACGTTGGACTTTG 3' 8491-8510J

57
.........

P4 5' ATCATCGAGCTCACAAGGATGTTAGT 3' + 10078-100941 1247
P8 5' ACTACTGAATTCAGGAAGTAGTAGTTGG 3' 11285-113011

Amplification
for direct
solid-phase
sequencing:

1 B1 GGATCACTAAGGTGCCGCb + 926-943 534
1 .-- - - l P9 AACTGTTCCCGTTGAG 1441-14601

B2 CTTGTGATTACTACCACACTb + 4968-498712 ........... PlO AACAAGCTTCTGTACAGAAGTGC 5312-5334J 366

3 and 4 B3 TCTTGCTAAAGCTTCATGTACTTAA + 6750-67741 1,7603and 4 { P11 b-GTAAGTAACGTTGGACTTTG 8491-8510J
B4 CTCACAAGGATGTTAGTb + 10078-100941

57 ....... P12 CAGGAAGTAGTAGTTGG 11285-113011 1223

a Kornreich et al. (1989b).
' Biotinylated primer.

antisense (P5-P8) primers, which included EcoRI and
HindIII (exon 1, exon 2, and exons 3 plus 4) or EcoRI
and Sad (exons 5-7) restriction sites for directional
subcloning, were synthesized on an Applied Biosystems
380B DNA synthesizer (Applied Biosystems, Foster
City, CA) (table 1). The amplification reaction (100 pl)
contained a final concentration of -1 ,uM of each
primer, 2 mM of each dNTP, 10 mM Tris-HCl (pH
8.8), 1.5 mM MgCl2, 50 mM KCl, 0.01% (w/v) gelatin,
and 2 units of Taq DNA polymerase (Perkin Elmer
Cetus, Norwalk, CT). The reaction mixture was incu-
bated at 94°C for 7 min to denature the DNA and
inactivate proteases. Amplifications were performed
for 30 cycles, each cycle consisting of denaturation at
92°C for 1 min, annealing at 61°C for 2 min, and ex-
tension at 72°C for 2 min. The purified fragments were
double-digested with the appropriate restriction en-
zymes and were subcloned into pGEM-4Z (Promega,
Madison, WI). Minipreps (Sambrook et al. 1989) of
multiple ampicillin-resistant colonies were sequenced

by the dideoxy chain termination method (Sanger et al.
1977) using SP6 or T7 sequencing primers. In order to
rule out mutations resulting from amplification errors,
several independent products were sequenced to con-
firm the putative mutation.

Genomic Amplification and Single-Stranded Solid-Phase
Direct Sequencing

Four sense biotinylated oligonucleotide primers (des-
ignated "Bi "-"B4") and four antisense oligonucleotide
primers (denoted "P9"-"P12") (table 1) were synthe-
sized to amplify exons 1, 2, 3 plus 4, and 5-7 (each
product included -50 bp of flanking intronic se-
quences). Genomic DNA (500 ng) from each of the
probands was PCR amplified (Saiki et al. 1985) with the
respective primer sets (final concentration of each
primer was -1 tM), as described above. Amplifica-
tions were performed for 30 cycles, with denaturation
at 94°C for 30 s, annealing at 56°C for 45 s, and exten-
sion at 72°C for 60 s, allowing for a final extension step

Eng et al.1188



a-Galactosidase A Mutations Causing Fabry Disease

of 7 min at 720C. The a-Gal A amplification products
from unrelated Fabry patients were compared with
those of the normal gene by agarose gel electrophoresis.
Double-stranded PCR products (40 jl) were denatured
by standard techniques, and the biotinylated single
strands were isolated by affinity capture using strepta-
vidin-coated magnetic beads (Dynabeads M-280;
DYNAL, New York) (Hultman et al. 1989). The bio-
tinylated single-stranded PCR products were subjected
to dideoxy chain termination sequencing using a-Gal
A-specific sequencing primers at a final concentration
of 0.5 pmol.

Allele-specific Oligonucleotide (ASO) Hybridization
ASO hybridization was performed using standard

techniques (Wang et al. 1990) to screen unrelated Fabry
patients for the presence of the common and other
mutations, as well as to screen normal individuals to
determine whether these lesions were common poly-
morphisms. Appropriate genomic regions were ampli-
fied using the respective oligonucleotide primers (table
1), as described above; the amplification products were
denatured and applied to a nitrocellulose membrane
(Zetabind; AMF-CUNO, Meriden, CT); and the nor-
mal or mutant sequence was detected by using end-la-
beled 17-bp oligonucleotide primers specific for the
normal or mutant sequence. The ASOs used included
N215S-5'-AAAGCCCAATTATACAG-3' (normal) and
5'-AAAGCCCAGTTATACAG-3' (mutant); R227Q-
5'AATCACTGGCGAAATTTTGCT-3' (normal) and
5'AATCACTGGCAAAAThTTGCTJ-3' (mutant); R227X-
5'-ATCACTGGCGAAATTTT-3' (normal) and
5'-ATCACTGGTGAAATTTT-3' (mutant); W162R-
5'-TTTGCTGACTGGGGAGT-3' (normal) and 5'-
TTTGCTGACCGGGGAGT-3' (mutant); D264V-
5'-TGGAATGACCCAGATAT-3' (normal) and 5'-TGG-
AATGTCCCAGATAT-3' (mutant); S297F-5'-TAT-
TCATGTCTTAATGAC-3' (normal) and 5'-TAT-
TCATGTTTTAATGAC-3' (mutant); and G328A-5'-
AAGCAAGGGTACCAGC-3' (normal) and 5'-AAGC-
AAGCGTACCAGC-3' (mutant).

Results

Three methods for a-Gal A mutation detection were
compared: (1) total lymphoblast RNA was isolated and
reverse-transcribed to cDNA, and the a-Gal A tran-
script was amplified in two fragments (designated "RT-
PCR"), and then each amplification product was sub-
cloned for double-stranded sequencing; (2) individual
a-Gal A exons and flanking intronic regions were am-
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Figure I a-Gal A gene mutations causing Fabry disease. Num-
bered exons are indicated by solid rectangles. A, Previously published
point mutations. Partial deletions and a duplication (Kornreich et al.
1990; Ishii et al. 1991) are not shown. B, 20 Mutations reported in
the present communication.

plified from genomic DNA by using oligonucleotide
primers with different restriction sites at their ends, and
then the amplified products were subcloned for single-
stranded or double-stranded sequencing (designated
"genomic amplification and sequencing"); and (3)
exons including flanking intronic regions were ampli-
fied from genomic DNA by using primer sets contain-
ing one biotinylated primer, which permitted Streptavi-
din-mediated capture of single-stranded PCR products
for direct solid-phase sequencing (designated "genomic
amplification and direct sequencing"). Each identified
mutation was the only alteration in the a-Gal A coding
and/or intron/exon sequence found in the respective
proband. The mutations were confirmed by sequence
analysis of independent PCR products and, when avail-
able, by pedigree analysis of affected individuals and
obligate heterozygotes in each family. These analyses
identified 20 new mutations (fig. 1 and table 2), consist-
ing of 4 small (2-53-bp) exonic deletions, 1 exonic 5-bp
insertion, and 15 single-base substitutions, including 10
missense, 3 nonsense, and 2 splice-junction mutations.
In the three methods used, 3 lesions were detected by
RT-PCR, 7 by genomic amplification, subcloning, and
sequencing, and 10 by genomic amplification and direct
sequencing.

a-Gal A Missense and Nonsense Mutations
Of the 13 coding region mutations found in the a-

Gal A gene, only 3 (-25%) were identified in exons 1-4
(encoding residues 1-213), while 10 were found in
exons 5-7 (encoding residues 214-429). Of these sin-
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Table 2

Mutations in the Human a-Gal A Gene That Cause Fabry Disease

Allele Nucleotide
Location Designation Changea Alteration Restriction Siteb Ethnic Origin Phenotype

Missense/nonsense mutations:
Exon I .................... N34S AAT-*>AGT Asn--Ser Polish Classic

C56G TGC-*GGC Cys--Gly + (HaeIII) English Classic
Exon 3 .................... W162R TGG-CGG Trp-Arg + (MspI and ScrFI) Italian Classic
Exon 5 .................... N215SC AAT-*AGT Asn- Ser + (Bsrl) Italian Variant

R227Q CGA-CAA Arg--.Gln Common; see text Classic
R227X CGA-*.TGA Arg- Stop + (Hphl) Common; see text Classic
D264V GAC-GTC Asp-Val Scottish/English Classic
D266V GAT-GTT Asp-Val + (Bsrl) African-American Classic

Exon 6 .................... S297F TCT-TTT Ser-Phe + (Msel) Italian Classic
D313Y GAT-TAT Asp--*Tyr German Classic
G328A GGG- GCG Gly-Ala - (Kpnl) Scottish/Irish Classic

Exon 7 .................... W340X TGG-TGA Trp-Stop African-American Classic
E398X GAA-TAA Glu-Stop ± (Asel and Msel) Hispanic Classic

Splicing mutations:
Intron 2 ................... IVS2+2 gt-pgg 5' Donor site Sephardic Jewish Classic
Intron 5 ................... IVS5-A2,3 tcag- t--g 3' Acceptor site Irish Classic

Coding-region insertion/
deletions:

Exon 5 .................... 773A2 2 bp Portuguese Severe
Exon 6 .................... 954ins5 dup 5 bp German Severe
Exon 7 .................... 1016A11 11 bp German Severe

1123zA53 53 bp Dutch Severe
1208A3C 3 bp English Variantc

aAn underline denotes CpG.
b + = Created by mutation; and - = obliterated by mutation.
' N215S results in an extremely mild phenotype confined to the heart. Asymptomatic at age 43 years when diagnosed in the course of renal

evaluation for mild proteinuria, the phenotype of 1208A3 was moderate, with cardiac involvement in two cousins.

gle-base substitutions, 10 were missense mutations, and
3 were nonsense mutations (table 2). The missense mu-
tations identified in classically affected hemizygotes in-
cluded (1) an A-to-G transition in codon 34 of exon 1,
predicting an asparagine-to-serine substitution (N34S)
at the third residue of the mature enzyme subunit; (2) a
T-to-G transversion of codon 56 in exon 1, resulting in
a cystine-to-glycine substitution (C56G); (3) a T-to-C
transition in codon 162 of exon 3, predicting a trypto-
phan-to-arginine replacement (W162R); (4) a G-to-A
transition of codon 227 (fig. 2A), resulting in an argi-
nine-to-glutamine substitution (R227Q); (5) an A-to-T
transversion in codon 264 of exon 5, predicting an
aspartic acid-to-valine substitution (D264V); (6) an A-
to-T transversion in codon 266, also predicting an
aspartic acid-to-valine substitution (D266V); (7) a C-to-
T transition in codon 297, resulting in a serine-to-phen-
ylalanine substitution (S297F); (8) a G-to-T transversion

in codon 313, predicting an aspartic acid-to-tyrosine
substitution (D313Y); and (9) a G-to-C transversion in
codon 328, resulting in a glycine-to-alanine substitu-
tion (G328A). In addition, an A-to-G transition in co-
don 215 of exon 5 (fig. 2C), resulting in the substitution
of an asparagine by a serine (N215S), was identified in
an atypical variant with manifestations confined to the
heart (Bishop et al. 1982). The N215S mutation oc-
curred at a highly conserved N-glycosylation consensus
site (A. M. Wang, personal communication) and ex-
pressed -5% and 25% of normal a-Gal A enzymatic
activity in peripheral leukocytes and lymphoblasts, re-
spectively (C. M. Eng, unpublished results). The three
nonsense mutations, all identified in classically affected
hemizygotes, included (1) a C-to-T transition in codon
227 of exon 5 (R227X) (fig. 2B), predicting the deletion
of the terminal 202 residues of the enzyme polypeptide;
(2) a G-to-A transition in codon 340 of exon 7
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Figure 2 Nucleotide sequence showing three common Fabry
mutations in the a-Gal A gene. Nucleotide substitution is in bold-
face. The normal sequence appears on the left, and the mutant se-
quence is on the right. A, G-to-A transition in codon 227 (R227Q),
detected by genomic amplification and sequencing. B, C-to-T transi-
tion in codon 227 (R227X), detected by genomic amplification and
sequencing. C, A-to-G transition in codon 215 (N215S), detected by
RT-PCR.

(W340X), predicting the deletion of the terminal 89
amino acids; and (3) a G-to-T transversion in codon 398
of exon 7 (E398X), predicting an enzyme polypeptide
missing the 32 carboxy-terminal residues.

a-Gal A mRNA Processing Defects
By genomic amplification and sequencing and by

solid-phase direct sequencing of amplified a-Gal A ge-
nomic products, two mutations that altered processing
of the a-Gal A transcript were identified. A gt-to-gg
transversion at the 5' donor splice site of intron 2 (desig-
nated "IVS2+2") was found in a classically affected
hemizygote (fig. 3A). A 2-bp deletion, tcag-to-t--g (fig.
3B), that disrupted the 3' acceptor splice site of intron 5
also was identified in a classically affected hemizygote.

a-Gal A Coding Sequence Insertion and Deletions
A five-base duplication and four small deletions that

were not detected by the a-Gal A multiplex PCR tech-

nique (Kornreich and Desnick 1993) were identified ei-
ther by RT-PCR and sequencing or by genomic amplifi-
cation and solid-phase direct sequencing (table 2). All
of these gene rearrangements resulted in frameshift mu-
tations that led to premature chain termination, and
these gene rearrangements were detected in classically
affected hemizygotes, with the exception of a three-
base deletion (1208A3) in exon 7 in a patient with a
later-onset moderate disease phenotype (see below).
The five-base insertion, 954ins5, in exon 6 occurred at
codon 318 and involved the duplication of five bases
(TTGCC) that were flanked by the short direct repeat
AT (i.e., AT TGCC TTGCC AT) (figs. 3C and 4A). This
insertion caused a frameshift from codon 319 to a pre-
mature termination codon at position 349, with amino
acid residues 319-348 all different from the corre-
sponding normal sequence. The 2-bp deletion, 773A2,
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Figure 3 Nucleotide sequence showing three mutations in
the a-Gal A gene. A, gt-to-gg transversion at the 5' splice donor site of
intron 2 (IVS2+2), detected by genomic amplification and direct se-
quencing. B, tcag-to-t--g deletion in the 3' acceptor site of intron 5
(IVS5-A2,3), detected by genomic amplification and sequencing. C,
5-bp duplication at codon 318 (954ins5), detected by RT-PCR.
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A 954ins5:

B 773A2:

C. 1 123A53

D. 12083:

E. 1016ill

dup 5 bp

314
5' ... AAG GAC GTA AT T GCC 1 C AAT CAG GAC ... 3'

2 bp
356 q

5'... GTT GCT GGA CCAFGGG GTT TGG MT GAC... 3

A 53 bp

372

5'... CTG GGT IAM GGAI------A AGG A G CTA GGG...3'

A 3 bp

401
5'... ACT TCA AGG HIA AGA AGT CAC ATA AAT CCC... 3'

1lbp

334 v 1
5' ... GGA GAC MC TTT GM GTG TGG GAA CGA CCT CTC TCA GGC HA GCC ... 3'

Figure 4 Nucleotide sequence flanking four partial gene deletions and one 5-bp insertion. Arrows indicate the nucleotides that were
duplicated (A) or deleted (B-E). Short direct repeat sequences are boxed. A, Sequence flanking the 5-bp insertion (954ins5). The nucleotides
TTGCC (indicated by arrows) were duplicated and inserted in tandem between short direct repeats of AT. B, Sequence flanking the 2-bp
deletion in exon 5 (773A2). The inverted tetranucleotide GGAC CAGG is underlined. The 2-bp deletion (AC) is indicated by the arrows. C,
Sequence flanking the 1123A53 deletion. The breakpoints of the deletion are indicated by the arrows. The hexanucleotide repeat sequence that
flanked the deletion breakpoints (AAAGGA) is boxed. D, Sequence flanking the 1208A3 deletion. The tandemly repeated AAG AAG is
indicated, and the deletion of one repeat is shown by the arrows. As a result of the deletion, the TTA at codon 403 was preserved, and the AGA
at codon 404 was deleted and replaced by the next in-frame AGT. E, Sequence flanking the 1 1-bp deletion in exon 7 (1016A1 1). The 11 bp that
were eliminated are between the arrows. The three consensus motifs for polymerase a arrest that occur in proximity to the deletion breakpoints
are underlined.

in exon 5 occurred in a sequence containing the in-
verted tetranucleotides, GGAC CAGG, each of which
contained the short direct repeat, GG (fig. 4B). This
deletion occurred in codons 258 and 259 and predicted
a truncated polypeptide of 262 residues. The 53-base
deletion, 1123A53, in exon 7 had breakpoints that oc-
curred at the hexanucleotide direct repeat AAAGGA
(fig 4C). This deletion eliminated codons 375-392 and
predicted a truncated polypeptide of 379 residues, of
which the last five amino acids differed from the nor-
mal sequence. A three-base deletion, 1208A3, was de-
tected in the terminal portion of exon 7 from a moder-
ately affected patient and resulted from a deletion of
one of two contiguous AAG triplet repeats (fig. 4D).
This in-frame deletion predicted the elimination of argi-
nine 404, while the remainder of the 428 enzyme poly-
peptide sequence was unchanged. An 11-bp deletion,
1016A11, in exon 7 had breakpoints that were near
several consensus triplets (e.g., GAG, GCC, GCG, and

ACG) for polymerase a arrest (Weaver and DePamphilis
1982). This deletion involved codons 339-343 and pre-
dicted a truncated polypeptide of 369 residues, with
residues 339-369 different from those in the normal
sequence.

Common a-Gal A Mutations
In the course of determining the mutations in 22

unrelated Fabry families, the R227X allele was detected
in 2 families, and the R227Q mutation was identified in
2 others, suggesting that the CpG dinucleotide in this
codon was a mutational hot spot. To determine
whether the R227Q or R227X allele occurred in other
Fabry families or whether either base substitution was a
polymorphism, ASO hybridizations were performed
with amplified genomic DNA from unrelated Fabry pa-
tients and normal individuals. Neither mutation was
detected in the 100 normal alleles studied. Of the 126
unrelated Fabry patients analyzed, 3 additional hemizy-
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Table 3

Frequency of Mutations in Unrelated Fabry Families

Unrelated
Fabry Alleles ASO Analyses

Mutation Sequenced (No. of Alleles) Total

R227Q ....... 2/22 1/126 3/148
R227X ....... 2/22 3/126 5/148
W162R ...... 1/22 0/37 1/59
D264V ....... 1/22 0/112 1/134
S297F ........ 1/22 0/109 1/131
G328A ....... 1/22 0/100 1/122
N215S ....... la 2b 3

a Atypical patient; N215S was detected by sequencing.
b Atypical patients; N215S detected by ASO analysis.

gotes had the R227X allele, and 1 had the R227Q allele.
When these are added to the two R227X families and
the two R227Q families identified independently by
sequencing, the R227X and R227Q alleles occurred in
3.4% and 2% of the 148 unrelated Fabry families stud-
ied, respectively (table 3).

Because the N215S mutation was identified in an
atypical variant with a mild disease phenotype (Bishop
et al. 1981), DNAs from other atypical variants were
screened by ASO hybridization analysis. Two unrelated
atypical variants screened had the N215S allele. Subse-
quent sequence analyses did not reveal any other alter-
ation of the a-Gal A coding sequences in these variants,
nor was the N215S substitution identified in 100 nor-
mal alleles examined by ASO analyses.

Discussion

The recent isolation and characterization of the
cDNA and genomic sequences encoding human a-Gal
A permitted the identification of a variety of molecular
lesions causing Fabry disease. To date, a total of 17
lesions have been identified, including 7 partial gene
rearrangements, 1 RNA processing defect, 1 nonsense
mutation, and 8 missense mutations (fig. 1A) (Bernstein
et al. 1989;1Kornreich et al. 1990; Sakuraba et al. 1990,
1992; Ishii et al. 1991, 1992; von Scheidt et al. 1991).
No common lesions have been found, and each of the
identified mutations occurred in unrelated patients, in-
dicating the genetic heterogeneity of the molecular le-
sions causing this disease. It is notable that all of these
mutations were detected in patients with the classical
disease phenotype, except for three missense mutations

(M296V, Q279E, and R301Q) that were found in atypi-
cal variants, whose manifestations were confined to the
heart and who did not have the classical symptoms in-
cluding angiokeratoma, acroparathesias, corneal opaci-
ties, hypohidrosis, or renal disease (Sakuraba et al.
1990; von Scheidt et al. 1991; Ishii et al. 1992). In the
present communication, 20 new mutations have been
described (fig. 1B), which further define the heterogene-
ity of the disease-causing mutations, identify a muta-
tional hot spot in the a-Gal A gene, and delineate a
common mutation that results in an atypical mild phe-
notype.

In the course of these studies, three different strate-
gies were employed to sequence the a-Gal A coding
region and flanking intronic sequences. All three tech-
niques were successful in detecting mutations; of the 20
new mutations, 3 were identified by RT-PCR, 7 by ge-
nomic amplification and sequencing, and 10 by solid-
phase direct sequencing. The latter technique was pre-
ferred because it both used genomic DNA instead of
RNA and captured single-stranded PCR products for
sequencing, thereby eliminating the need to subclone
the amplification product. Moreover, RT-PCR may
not detect some nonsense mutations, because of either
the instability of the mutant transcripts or the alter-
ation of splice-site selection (Dietz et al. 1993).
The majority of mutations detected in Fabry disease

are point mutations. Previously, one splicing, one non-
sense, and eight missense mutations had been reported
(Koide et al. 1990; Sakuraba et al. 1990, 1992; Ishii et al.
1991, 1992; von Scheidt et al. 1991). When the 15 iden-
tified base substitutions described here are included, a
total of 25 have been detected, including 3 splicing, 4
nonsense, and 18 missense mutations. These base sub-
stitutions occurred in six of the seven exons, with
exons 5 and 6 having five and seven lesions, respec-
tively, and with exon 4 having none. Several of these
mutations were notable. R227Q and R227X, which oc-
curred at a CpG nucleotide (Coulondre et al. 1978;
Cooper and Youssoufian 1988), were the most com-
mon mutations causing the classical phenotype. Taken
together, they were found in 8 (5%) of 148 of unrelated
Fabry families studied, including families whose mutant
alleles could be traced to Danish, English, German, In-
dian, Irish, Italian, and Polish ancestries. Two families
with the R227Q mutation were of German descent, but
a common ancestor or demographic region could not
be identified. Further support for their nonrelatedness
could be established by the analysis of polymorphic
markers flanking the a-Gal A gene (Vetrie et al. 1993).
That at least six unrelated families had either mutation
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indicates that the CpG in codon 227 is an a-Gal A
mutational hot spot causing Fabry disease. In contrast,
of the 14 other CpG dinucleotides in the a-Gal A cod-
ing sequence, only 3, at codons 112, 301, and 356
(Bernstein et al. 1989; Sakuraba et al. 1990; Ishii et al.
1992), have been involved in a mutation reported to
date.

Also notable was the finding that N215S was a com-
mon mutation among the rare atypical variants who
either are asymptomatic or have mild disease manifes-
tations (Eng et al. 1993; Desnick et al., in press). This
lesion was first identified in a patient of Italian origin
who at age 42 years had none of the classical Fabry
manifestations (angiokeratoma, acroparathesias, cor-
neal or lenticular opacities, hypohidrosis, or renal in-
sufficiency). N215S obliterates a functional N-glycosyl-
ation consensus site, but the expressed enzyme retains
-5%-25% of normal activity in various tissues and
cultured cells from affected patients (Bishop et al. 1981;
L. A. Resnick-Silverman, unpublished results). It is inter-
esting that the N215S mutation was identified by ASO
hybridization in two other unrelated atypical patients
with similar mild phenotypic manifestations confined
to the heart. A second variant, of Czechoslovakian de-
scent (Elleder et al. 1990), died at 63 years of age, of a
pulmonary embolism and bilateral cardiac failure, but
had no history of renal disease. Autopsy findings re-
vealed marked cardiomegaly and concentric left-ven-
tricular hypertrophy, but there was no histochemical
and/or ultrastructural evidence of glycolipid deposi-
tion in the coronary or pulmonary arteries, aorta, brain,
kidney, liver, or pancreas. The third N215S variant was
a 63-year-old male of German descent who was asymp-
tomatic except for hypertrophic cardiomyopathy.

Previously, point mutations had been described in
three atypical variants with disease manifestations con-
fined to the heart (M296V [von Scheidt et al. 1991],
Q279E [Ishii et al. 1992], and R301Q [Sakuraba et al.
1990]). Most patients with the classical phenotype have
no detectable a-Gal A activity and expire in their 30s or
40s, from complications of renal and vascular involve-
ment, before myocardial manifestations become debili-
tating (Desnick and Bishop 1989). In contrast, patients
with the atypical phenotype apparently have sufficient
residual a-Gal A activity to protect their kidneys and
vascular endothelium. However, the level of residual
activity may be inadequate to prevent the progressive
glycosphingolipid deposition in myocardial cells. In late
adulthood, these atypical patients develop myocardial
disease and present as the cardiac variants of Fabry dis-
ease. Thus, these missense mutations, which express

residual activity, predict a mild phenotype and provide
the basis for genotype/phenotype correlations in this
disease (also see 1208A3 below).

In contrast to the R227Q, R227X, and N215S muta-
tions, which occurred in several unrelated families,
ASO analyses indicated that selected other mutations
(i.e., W162R, D264V, S297F, and G328A) were private.
In fact, the absence of a common mutation(s) suggested
that the vast majority of mutations causing Fabry dis-
ease are private, being confined to a single pedigree. In
the 22 unrelated Fabry families studied here, the two
mRNA processing defects, IVS2+2 and IVS5A-2,3,
were detected in classically affected hemizygotes. The
five small exonic gene rearrangements were detected in
classically affected patients, caused frameshift muta-
tions, and predicted truncated enzyme polypeptides,
with the notable exception of 1208A3, which deleted
arginine 404 in several moderately affected, related pa-
tients. Patients with the 1208A3 allele had late (5th-de-
cade) onset of chronic obstructive pulmonary disease,
as well as mild cardiac involvement.

Previous studies of a-Gal A gene rearrangements re-
vealed five partial gene deletions of -0.4-4.6 kb and
one large partial duplication of 8.1 kb, in unrelated
classically affected patients (Bernstein et al. 1989). Since
the a-Gal A gene contains 12 Alu repetitive elements,
representing -30% of the gene, or - 1 Alu/kb, it was
suggested that the a-Gal A gene might be predisposed
to gene rearrangements due to Alu-Alu recombination
(Kornreich et al. 1989b). However, of the previous six
partial gene rearrangements, only one was due to an
Alu-Alu recombinational event, while the others pre-
sumably resulted from illegitimate recombination in-
volving the short direct repeats at their breakpoint
junctions (Kornreich et al. 1990). Of the five small ex-
onic gene rearrangements described here, the 954ins5
duplication and three deletions-773A2, 1123A53 and
1208A3-had short direct repeats at their breakpoint
junctions (figs. 4B-D), suggesting that they resulted
from slipped mispairing. This mechanism of illegitimate
recombination involves the misalignment during DNA
replication of short direct repeats of 2-8 bp that flank
the deletion breakpoints, which generate a single-
stranded loop structure containing one of the repeats
and the intervening sequence between the two repeats.
The looped sequence is excised by DNA repair en-
zymes, and the strands are rejoined, resulting in a dele-
tion (Efstratiadis et al. 1980; Kornreich et al. 1990). For
example, slipped mispairing of the hexanucleotide di-
rect repeat may be responsible for the generation of the
53-bp deletion in exon 7 (1123A53) (fig. 4C). Similarly,
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the 1208A3 deletion may have resulted from misalign-
ment of two tandemly repeated AAG triplets (fig. 4D).
The 773A2 mutation may have resulted from slipped
mispairing of the GG dinucleotide direct repeats that
flank the deletion site (fig. 4B). In addition, the 8 bp in
the region of the deletion form a symmetric element
with an axis of internal symmetry (GGAC CAGG),
which also may play a functional role in the generation
of the 2-bp deletion of AC (Krawczak and Cooper
1991).

Slipped mispairing also may explain the generation of
the five-base duplication in exon 5 (954ins5) (fig. 4A),
which was flanked by the dinucleotide AT direct re-
peat. The generation of an insertion differs from that of
a deletion, in that the mispairing occurs when the newly
synthesized strand dissociates from the primer strand
and base pairs illegitimately with the primer strand. In
this case, the slippage resulted in the duplication of five
bases, which were inserted prior to the second AT re-
peat. Several other examples of insertions due to short
direct repeats have been reported (e.g., see Bottema et
al. 1989; Howells et al. 1990). However, the 954ins5
mutation appears to be one of the most compatible
duplications to be formed by the slipped-mispairing
mechanism. It is interesting that the relatively infre-
quent generation of insertions, as opposed to deletions,
at sites of direct repeats suggests that the proposed
mechanism of insertional mutagenesis between direct
repeats may be less favored in terms of the chemical
energy required for their formation (Cooper and
Krawczak 1991).

It is interesting that the 1016A11 deletion may be
due to the presence of polymerase a arrest sites proxi-
mal to the deletion and at the 3' breakpoint of the
deletion. Polymerase a has been shown to be the only
polymerase that catalyzes DNA synthesis at replication
forks (DePamphilis and Wassarman 1980). Weaver and
DePamphilis (1982) found that specific sequences
GAG, GCC, GCG, and ACG (in decreasing frequency)
were found at sites of polymerase a arrest. The pres-
ence of these sequences may slow the progress of the
polymerase, increasing the likelihood that, in replica-
tion, an error may occur that could lead to a deletion or
duplication event. It is interesting that the most com-
monly involved motif, GAG, was found 14 bases up-
stream of the 5' deletion breakpoint-and that the less
frequent motifs, ACG and GCG, were found 2 bases
upstream (within the deletion) and 14 bases down-
stream of the 3' deletion breakpoint, respectively (fig.
4E). The occurrence of these arrest sites, in conjunction
with a potential stem-loop formation occurring 3' to

the breakpoint, may have resulted in the formation of
this deletion.

In summary, the identification of the precise molecu-
lar lesions in families with Fabry disease permits precise
carrier detection, delineation of possible genotype/
phenotype correlations, and selection of candidates for
enzyme-replacement therapy. For this X-linked disease,
the ability to identify carrier females by molecular analy-
sis abrogates the need to perform multiple-enzyme as-
says on individual hair roots (e.g., see Beaudet and Cas-
key 1978) or to laboriously clone single cells from
fibroblast cultures (e.g., see Romeo and Migeon 1970).
In fact, recent experience has demonstrated that car-
riers have been detected by molecular studies of at-risk
females who had no clinical findings and normal or
near-normal levels of a-Gal A activity in various
sources. Clearly, molecular carrier detection should be
offered to all at-risk females whenever the mutation in a
family is known. In addition, the identification of these
mutations should eventually establish the frequency of
each Fabry allele and facilitate the recognition of geno-
type/phenotype relationships. Toward that goal, a
Fabry Disease Consortium, analagous to the successful
Cystic Fibrosis Consortium, has been established by
our laboratory so that investigators can share and com-
municate identified mutations and phenotypes (contact
C.M.E. or R.J.D.). Finally, mutation identification will
be important for the selection of patients for clinical
evaluation of enzyme replacement in this disease.
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